Abstract. The physiopathology of atherothrombosis is complex. The development and progression of this vascular disease involves the interactive processes of atherosclerotic lesions and the formation of thrombi. In and of itself, atherosclerosis is not deadly; the actual risk lies in the vulnerability of the arteriolosclerotic plaque to breakage. An ulceration, which is the rupture or breakage of the covered plaque, constitutes a complication that favors thrombosis. During these processes platelets are relevant factors, acting with the endothelial and inflammatory cells even at the premature stages of atherogenesis.
Introduction
Cardiovascular diseases (CVDs) are a heterogeneous group of diseases that affect the circulatory system and heart. According to the World Health Organization, CVDs are the principal cause of mortality worldwide, responsible for approximately 30% of global deaths. With time, they are gaining increasing relative importance, due in part to the phenomenon of population aging (1) .
Endothelial lesions and platelet activation are the most important mechanisms in the physiopathology of arterial thrombosis, which usually occurs in association with preexistent vascular diseases, namely atherosclerosis. The principal risk factors for arterial thrombosis are arterial hypertension (AHT), smoking, dyslipemia and diabetes (2) .
Atherosclerosis is a pathology which occurs due to established factors as a consequence of the proliferate inflammation of the endothelium, classically known as the enlargement of the arterial membranes through the gradual accumulation of cholesterol, calcium and macrophages. As time passes, these deposits become tough and narrow the arterial lumen, which may block blood flow (2) .
Atherosclerosis in and of itself is not deadly; the actual risk lies in the vulnerability of the arteriolosclerotic plaque to breakage. An ulceration, the rupture or breakage of the covered plaque, constitutes a complication that favors thrombosis and the subtotal or total sharp coronary occlusion, and causes an acute myocardium infarct (AMI) or encephalic vascular accident (EVA) according to the state of the compromised artery (3) .
Although progress has been made in elucidating the cell and molecular mechanisms involved in the pathogenesis of atherothrombosis, there are aspects of the disease which remain to be clarified. In this review, the participation of the platelets in the early stages of atherogenesis is discussed.
Platelet physiology
Platelets participate not only in primary but also in secondary haemostasis. The process can involve many stages, such as platelet adhesion, platelet aggregation and pro-coagulant activity (4, 5) .
Platelet adhesion. In response to vascular damage the platelets, which normally circulate in an isolated fashion, instead stick to the subendothelial matrix. This initiates interaction between platelet membrane glycoproteins and adhesive protein from the endothelium, collagen and the Von Willebrand factor (FVW). Under low flow conditions, this interaction is conducted by GPIa-IIa platelet glycoprotein; under high flow conditions, the GPIb-IX-V complex participates (6). The role of platelets in the pathophysiology of atherosclerosis (Review)
GPVI (62 kDa) belongs to the immunoglobulin superfamily and, along with GPIa-IIa, acts as a collagen receptor (4, 5) . On the platelet surface, it forms a complex with the receptor Fcγ, activating the phosphorylation of a cytoplasmatic segment of the receptor and producing platelet activation.
The GPIb-IX complex (CD42b, CD42a, CD42d) acts as a receptor for FVW, participating in the platelet adhesion mechanism. Resting platelets express ~25,000 copies of this glycoprotein complex (6) .
Platelet aggregation. Once the platelets have adhered, they assume a rounded form with prolongations that exhibit the GPIIb-IIIa complex, forming dimers of the glycoprotein to join the fibrinogen or FVW, according to the flow, and to release the content of their granules. This activates and adds more platelets (6) .
The GPIIb-IIIa complex (integrin αIIbß3, CD41-CD61) is a 228-kDa heterodimer whose structure presents an extracellular domain as a transmembrane and a small cytoplasmatic domain. Every platelet displays ~40,000-50,000 copies of this glycoprotein complex.
As well as binding fibrinogen and FVW, the GPIIb-IIIa complex can also bind to fibronectin and vitronectin, thus participating in the adhesion and aggregation platelet mechanism (5).
Platelet secretion. Two types of granules are functionally the most important in platelets: α granules and dense granules. α granules store large amounts of proteins, among them fibrinogen, FVW, platelet factor 4 (PF4), GPIIb-IIIa, FV, FVIII, FXI, platelet-derived growth factor (PDGF) and epidermal growth factor (EGF), which participate in platelet aggregation. On the other hand, dense granules are rich in calcium, phosphorus, ADP and ATP; the release of their content has a special importance in the amplification of the platelet response (5).
Pro-coagulant activity. Lipid disposition in the platelet membrane is of functional importance. Two enzymes, a translocase specific to aminophospholipids and a flopase, maintain the asymmetric state of phospholipids in the membrane. During the activation of platelets, a redistribution of anionic phospholipids, mainly phosphatidylserine (PS), occurs from inside to outside by the action of the enzyme scramblase (7), which is activated by the increase in cytosolic calcium of platelets and creates a surface with a negative electric charge (5) . This favours the formation of coagulation complexes and, consecutively, the formation of fibrin and the consolidation of the thrombus (6) .
In addition to PS expression, platelet activation also contributes to the coagulation process, the release of PF4, FXa and FXIII (6) and, as recently described, the synthesis and expression of tissue factor (TF) upon their move to the site of the lesion (8).
Platelets and atherogenesis
Over the last few years, it has been demonstrated that platelets do not only participate in thrombus complications of atheromastosus injury, but also in the initiation and progression of atherosclerotic plaques (9) . In this sense, platelets represent a bridge joining inflammation and thrombosis, processes fundamental to the development of atherothrombosis.
The interaction between the platelets and the endothelial cells (ECs) occurs in two ways: activated platelets can join intact ECs, or resting platelets can adhere to activated ECs. In addition, interaction between activated platelets and activated ECs can occur.
Activated platelets and intact EC.
Platelets play an important role in thrombotic and inflammatory processes (10) . The circulation of activated platelets has been shown to be one of the initial causes of atherosclerosis development. This is mediated by the interaction between the GPIIb-IIIa of activated platelets, ICAM-1 in ECs (11) and P-selectin (CD62P) expressed in activated platelets which bind to the endothelium (12) .
Animal models have also demonstrated the important role of P-selectin in the development of atherogenesis. Animals which lose P-selectin expression show a decrease in atherosclerotic injury (13) .
It has been demonstrated that A disintegrin and metalloproteinase (ADAM)-15 is expressed by the ECs and binds to platelets via GPIIb-IIIa, inducing their activation (14) . In vitro studies have demonstrated platelet adhesion to the nonactivated endothelium (11); in another study this linkage was produced under shearing conditions (15) . On the other hand, it was demonstrated that ADAM-15 was expressed by the ECs and, by binding to the GPIIb-IIIa complex through its RGD sequence, activated platelets and degraded proteins of the endothelial matrix. This double function of ADAMS-15 could facilitate a rupture of the fibrin layer of the atherosclerotic plaque and accelerate the formation of platelet thrombi (14) .
Once platelets are activated, they release adhesive and pro-inflammatory molecules from α granules, which alter the functions of the endothelium (16) . For example, platelets store and express CD40L on their surface, releasing this protein to the environment once they are activated so that CD40L is deposited over the endothelium and induces an increase in the expression of molecule adhesion cells (MACs), E-selectin, ICAM-1 and VCAM (17) .
Due to their surface expression of CD40L, platelets join the endothelium and are stimulated to release IL-8 and monocyte chemoattractant protein 1 (MCP-1) (18) . This, along with the cytokines released by the endothelium, favours the beginning of leukocyte recruitment at the point of origin of the lesion (1). CD40L also induces the expression and liberation of metalloproteinases, which disintegrate extracellular matrix proteins. These enzymes promote inflammatory response at the site of the injury.
The activated platelets release, among other molecules, IL-1ß, the main EC activator, and promote the release of IL-6 and IL-8 (19) , as well as the expression of MACs such as ICAM-1, on the endothelium.
PF-4 is the protein that is released in the highest amount by the activated platelets and causes chemotaxis of monocytes and other leukocytes (20) , promoting low-density lipoprotein (LDL) retention by ECs because it inhibits the degradation of the LDL receptor in the endothelium (21) .
RANTES chemokine, released from activated T cells, is a chemoattractant for monocytes. In a previous study, it was shown that RANTES and PF-4 have heterophilic actions in which PF-4 requires the structural modifications suffered by RANTES to amplify the effects of the monocytes (22) . On the other hand, RANTES deposits on the endothelium are promoted by the P-selectin of platelets (23) .
PDGF released during platelet activation stimulates the proliferation of muscular cells and produces hyperplasia of the inner section of the vascular wall. It also has a chemotactic function for monocytes, acting as an amplifier of the inflammatory response (24) . ENA-78, a chemokine liberated during platelet aggregation, plays a role in monocyte recruitment to the site of injury (25) .
In summary, there is experimental evidence to suggest that the circulation of activated platelets initiates the atherosclerotic process through their interaction with intact ECs.
Resting platelets and activated EC.
The vascular endothelium is recognized not only as a physical barrier between the blood and tissues, but also as a strategically located organ that possesses numerous paracrine and endocrinal functions. Under physiological conditions, it is capable of exercising important regulatory functions such as vascular tone control, leukocyte adhesion, smooth muscular cell growth and platelet aggregation (26) . Diverse factors can alter this balance and cause endothelial dysfunction (25) , bringing about a decrease in the capacity for vasodilatation and establishing a proinflammatory and pro-thrombotic state (27) .
These alterations of the endothelium can begin at a very young age, thus initiating the slow and progressive development of the lesion. In order for an atheromatosis lesion to begin forming, it is generally necessary for endothelial dysfunction to occur. The first evidence of this is the decrease in nitric oxide synthesis (NO), which provokes alterations in the regulatory functions of the endothelium, such as a decrease in vasodilatadory and anti-thrombotic functions and an increase in permeability and endothelial adhesion (28) . Leukocyte adhesion at the site of the lesion represents the earliest histological evidence of plaque development (29) .
It has been demonstrated that platelets can roll over the endothelium without being activated, a process which is mediated by endothelial P-selectin (11) . Normally, the endothelium is a non-thrombogenic surface. However, during EC apoptosis, pro-adhesive processes are initiated that may allow for the joining of non-activated platelets (15) . Thus, activated or dysfunctional endothelium is a determining factor in platelet adhesion.
Hypercholesterolemia promotes endothelial dysfunction by reducing the production of NO (30), thus favouring leukocytary adhesion. When NO decreases, it creates an oxidative environment that oxidizes LDL in transit from the plasma to the site of the endothelial lesion. There, the presence of lisophosphatidylcholin induces the expression of VCAM-1 in the ECs (31) .
Under normal conditions, resting platelets do not adhere to the endothelium. However, when they are activated by inflammatory processes or by arterial hypertension, an adhesion surface for platelets can be generated (32, 33) . It has also been proposed, due to the fact that the endothelium loses certain membrane components and displays anionic phospholipids, that the apoptosis of endothelial cells might play a role (32) . P-selectin and E-selectin have been proposed as possible elements participating in EC-platelet interactions (15, 34) . However, since in other studies the blocking of these receptors did not inhibit platelet linking to the endothelium, it has been postulated that ß1-integrin is a possible receptor (35) .
Platelet activation and subsequent aggregation to the altered zones of the vascular walls represents one of the first events in the origin of atherosclerotic lesions (16) . In Fig. 1 , the participation of the principal molecules associated with the platelets and ECs are summarized.
Microparticles and atherosclerosis.
Besides the adhesion and release of cytokines, another phenomenon which accompanies cellular activation is the microvesiculation of the membrane with the generation of microparticles (MPs). MPs are the result of an exocytose process that transports PS from inside the cellular membrane to its outside, followed by its breakage, which leads to MP formation and later release. MPs are 0.1 μm in size and express PS on their surface. Some antigenic markers from the original cell (36) and, in some cases, the presence of TF have been demonstrated (37) . MPs can be released from different types of cells, standing out platelet MPs (PMPs) (38) and endothelial MPs (EMPs) (36) .
PMPs are heterogeneous in size and are of lipoprotein composition. They are made up of cytoplasmatic components, anionic phospholipids that contain pro-coagulant potential, platelet membrane glycoproteins, P-selectin and TF, which might extend the thrombogenic process through their interaction with platelets or pro-inflammatory cells (39) .
MPs generated in vitro from activated platelets or leukocytes stimulate the ECs in cultures producing prostacyclins and cytokines. Circulating MPs from patients with AIM cause severe endothelial dysfunction in healthy blood vessels when decreasing the NO endothelial path, but do not affect any changes in the expression of NO synthetase (40) .
In vitro, EMPs adhere to monocytes, increasing their procoagulant activity. Since MPs express PS and TF (41), EMPmonocyte complexes have been found and have been described as inflammatory disease (42) . EMPs have been used as markers for endothelial dysfunction as, according to their phenotype, it is possible to distinguish whether they are derived from activated or apoptotic endothelial cells.
High plasmatic concentrations of EMPs have been found in patients with AIM (40), AHT (43) and DM (44) .
It has been suggested that an increase in EMPs and PMPs plays a role in vascular damage. Using a laser to induce endothelial injury in animal models, TF accumulation in the development of in vivo thrombi was found to be dependent on EMPs that carry PSG1-1 during leukocyte rolling, though it is also aided by the linkage of E-selectin during the rolling, and by the migration of in vivo lymphocytes and P-selectin (45) .
In diabetic patients, the increase in EC apoptosis and extensive platelet and monocyte activation may contribute to the acceleration of atherothrombosis. In these patients, an increase in the plasmatic levels of EMPs, PMPs and MPs of monocytes has been found, which favours the development of a pro-thrombotic, pro-adhesive and pro-inflammatory condition (46) .
Platelet activation releases PMPs that might activate other ECs and leukocytes by means of the release of araquidonic acid and other molecules (47) . On the other hand, EMPs might adhere to the platelets, forming EMP-platelet aggregates (47) .
The circulation of PMPs can act as an alternative route for the release of RANTES, thus promoting the development of atherosclerotic lesions (48) .
Antiplatelet and atherothrombosis drugs. The abovementioned results indicate that platelets participate not only in arterial thrombosis, but also in the initial development of atherogenesis. These findings have motivated the use of platelet anti-aggregant drugs, with the purpose of restricting the development of atherosclerosis. Clopidogrel is an oral platelet anti-aggregant drug which belongs to the thienopyridine family. It selectively and irreversibly inhibits platelet aggregation by preventing the linkage of ADP to its platelet receptors P2Y1 and P2Y12. In this way, it alters the activation of the complex GPIIb/IIIa and, therefore, the linkage to fibrinogen, inhibiting platelet aggregation (49) . Clopidogrel has been widely used to prevent atherosclerotic episodes in patients with a history of AMI or EVA; the drug offers benefits in secondary prevention for these patients (50) . The CAPRIE study showed that clopidogrel was more effective than aspirin in reducing the number of ischemic events in high risk individuals (51) .
This medicine has been shown to be an efficient antiaggregant of platelets, both in vitro and in vivo (52) . In rabbits fed a lipid-rich diet, it was demonstrated that the combination of clopidogrel and aspirin more effectively decreased atherosclerotic lesions of the aorta artery, as well as decreasing concentrations of C-reactive protein (CRP), than each drug did on its own (53) . Dogs fed a diet rich in lipids, to whom a combination of clopidogrel, ridogrel and ketanserin was administered, showed an inverse relation between blood flow velocity and platelet inhibition, as well as having a reduced ratio between their medium and intimal arterial layers as compared to the control group (54) . Patients with CVD presented exaggerated formation of leukocyte-platelet aggregation. When treated with clopidogrel, they manifested decreased expression of such formation, as well as showing a decrease in the expression of P-selectin (55) and CD40L (56) . On the other hand, in patients with a history of ischemic diseases, clopidrogel was shown to be more effective than the ingestion of aspirin in reducing the production of new ischemic events or vascular death (57) , as was the case in patients with unstable angina (58) .
The use of clopidogrel for five weeks in patients with coronary artery disease resulted in a decrease in the markers of oxidative stress, such as CRP, CD40L and RANTES, as well as in an improvement in the bioavailability of NO at the endothelial level (59).
Conclusion
The scientific evidence reported in this review suggests that platelets not only participate in primary and secondary hemostasis, but that they also play a role in the initial stages of the development of atherosclerotic lesions. This role, by means of the secretion of chemokines which promote the expression of MACs over the endothelium, involves the recruitment of inflammatory cells and the stimulation of the activation of other platelets. These findings are supported by the fact that the inhibition of platelet function obtained through the use of drugs such as clopidogrel decreases inflammatory response (in vivo and in vitro) as well as slowing the progression of atherosclerotic lesions.
